Protein aggregate formation is the basis of several misfolding diseases, including those displaying loss-of-function pathogenesis. Although aggregation is often attributed to the population of intermediates exposing hydrophobic surfaces, the contribution of electrostatic forces has recently gained attention. Here, we combined computational and in vitro studies to investigate the aggregation process of human peroxisomal alanine: glyoxylate aminotransferase (AGT), a pyridoxal 5 0 -phosphate (PLP)-dependent enzyme involved in glyoxylate detoxification. We demonstrated that AGT is susceptible to electrostatic aggregation due to its peculiar surface charge anisotropy and that PLP binding counteracts the self-association process. The two polymorphic mutations P11L and I340M exert opposite effects. The P11L substitution enhances the aggregation tendency, probably by increasing surface charge anisotropy, while I340M plays a stabilizing role. In light of these results, we examined the effects of the most common missense mutations leading to primary hyperoxaluria type I (PH1), a rare genetic disorder associated with abnormal calcium oxalate precipitation in the urinary tract. All of them endow AGT with a strong electrostatic aggregation propensity. Moreover, we predicted that pathogenic mutations of surface residues could alter charge distribution, thus inducing aggregation under physiological conditions. A global model describing the AGT aggregation process is provided. Overall, the results indicate that the contribution of electrostatic interactions in determining the fate of proteins and the effect of amino acid substitutions should not be underestimated and provide the basis for the development of new therapeutic strategies for PH1 aimed at increasing AGT stability.
Introduction
The propensity to aggregation is an inevitable issue for most proteins. This phenomenon has important implications for the pharmaceutical industry, in particular for the formulation and manufacturing of therapeutic proteins [1] [2] [3] . Moreover, the abnormal formation of protein aggregates has been identified as one of the leading causes of several diseases. In age-related neurodegenerative disorders like Alzheimer's disease, a protein undergoes a conformational change favoring the formation of ordered oligomers and fibrillar aggregates that exert a toxic effect on a specific cell type [4, 5] . In other cases, such as diseases caused by protein deficits, pathogenic mutations can promote the aggregation of the protein involved causing the formation of amorphous aggregates that undergo degradation. The consequent reduction in the folding yield leads to a deficit in activity specific to the protein, such as chloride transport in the case of cystic fibrosis [6, 7] or sphingolipid catabolism in the case of Gaucher's disease [8, 9] .
Aggregation can occur through different pathways, including the formation of partly folded intermediates exposing sticky patches, or the self-association of native-like states under conditions that favor proteinprotein interactions [10] . In most cases, protein aggregation is nucleation controlled, because it depends on the formation of a critical nucleus (during a lag phase in which no large particles are detected) followed by the rapid growth of insoluble aggregates until a plateau phase in which all the protein is in the aggregated state [11] . Research efforts devoted to the understanding of protein aggregation have been mainly focused on the identification of critical factors that influence the aggregation extent as well as of the forces governing protein-protein interactions [11, 12] . Among them, the association of protein folding intermediates exposing hydrophobic patches is a well-known mechanism [13] . However, theoretical [14] and experimental [15] [16] [17] evidences suggest that electrostatic forces can play an important role in inducing or enhancing protein aggregation as well as in stabilizing protein-protein complexes, by influencing binding rate and/or equilibrium [18] . The process of electrostatic aggregation is based on the attraction between complementary charged domains of a protein surface, and it usually decreases at high ionic strength, due to screening effects [15] . Studies aimed at improving protein aggregation resistance have indicated that surface charge strongly influences protein stability and that the controlling factor is the spatial location of charges [19] [20] [21] . In fact, the main factor governing the aggregation extent is protein charge anisotropy, i.e. the asymmetric distribution of charged residues on the exterior of a particular protein. Although in many cases the aggregation occurs at a pH close to the isoelectric point (pI), it has been reported that a difference can exist between the pI and the pH of maximum aggregation [13] . It follows that a better understanding of how surface charges can influence the aggregation propensity of a protein should not be underestimated, in particular in the case of clinically relevant proteins involved in misfolding diseases and in the case of protein drugs.
Human alanine:glyoxylate aminotransferase (AGT; EC 2.6.1.44) is a liver peroxisomal enzyme whose deficit is associated with primary hyperoxaluria type I (PH1), a rare genetic disorder manifesting as abnormal urinary oxalate excretion. In PH1 patients, insoluble calcium oxalate crystals deposit in urine and kidneys, frequently leading to end-stage renal disease and to a very risky condition called systemic oxalosis [22] . The majority of disease-causing mutations on the AGXT gene encoding AGT are missense [23, 24] . Data obtained in prokaryotic and eukaryotic models, as well as analyses on variants in the purified form, indicate that many mutations reduce the folding efficiency of AGT by promoting its aggregation [25] [26] [27] . In some cases, the aggregation is due to a low dimer stability, which allows the formation of monomers exposing hydrophobic surfaces and prone to self-association [28] . In other cases, however, an aggregation driven by electrostatic interactions between folded dimers showing an increased surface charge anisotropy has been reported [25] .
AGT in its natural state exists as two polymorphic variants named major (AGT-Ma, the most frequent) and minor (AGT-Mi, present in 20% of the Caucasian population) [29, 30] . Although AGT-Mi is not disease associated, it shows an increased aggregation propensity and a reduced stability with respect to AGT-Ma, both in vitro and in the cell [26, 31] . This effect has been attributed to a reduced stability of the dimeric structure [28, 31, 32] . However, it cannot be excluded that the P11L and/or the I340M substitution typical of the minor allele could also influence the electrostatic surface of the protein. Moreover, it has been reported that several pathogenic mutations that lead to PH1 associated with the minor allele increase the AGT aggregation propensity [26, 27] and can functionally synergize with the minor allele polymorphism [31] .
Here, we investigated in detail the aggregation propensity of dimeric AGT in the recombinant purified form. Our biochemical studies, compounded by in silico analyses, indicate that (a) AGT is prone to a native-like aggregation driven by electrostatic interactions between exposed surfaces of opposite charge; (b) the P11L and I340M mutations play opposite roles in the aggregation propensity of the protein; (c) some of the most common PH1-causing mutations increase the AGT aggregation propensity; and (d) pathogenic mutations involving surface residues can increase the charge anisotropy of the molecule, thus possibly promoting self-association. The more general significance of the results obtained for the pathogenesis of PH1 and for the molecular mechanisms of misfolding diseases is discussed.
Results and Discussion
In silico analysis of the AGT surface Based on the known 3D structure of AGT-Ma in the holo form (PDB: 3R9A), we evaluated the distribution of hydrophobic surfaces as well as the electrostatic map, in order to understand the physical/chemical features of the protein that could govern its aggregation process. As reported in Fig. 1A ,B, AGT-Ma shows only a few hydrophobic patches on its surface, mainly located along the dimerization interface. This is in line with the finding that mutations inducing AGT monomerization favor aggregative processes driven by hydrophobic attractions [33] .
Interestingly, the electrostatic map of AGT-Ma reveals an asymmetric distribution of negative and positive charges on the dimeric surface (Fig. 1C,E) . In particular, four main negative patches are present in one face of the dimer, mainly formed by residues Asp331, Asp334, Asp341, and Asp344 (patches 1 and  2, size 351  A  2 ) , and by Glu281, Glu371, Asp374, and Glu378 (patches 3 and 4, size 175 A 2 ). However, as shown in Fig. 1D,F ). We compared the electrostatic map of AGT with those of other pyridoxal 5 0 -phosphate (PLP)-dependent aminotransferases belonging to the fold type I family such as human cytosolic aspartate aminotransferase (PDB: 3WZF), human ornithine aminotransferase (PDB: 1OAT), and human tyrosine aminotransferase (PDB: 3DYD) as well as with proteins showing a sequence similarity ≥ 30% with AGT. We found that all the latter proteins (except AGT from Aedes aegypti, which displays some positive patches) show an unvarying negative potential on their surface (data not shown). These analyses led us to hypothesize that the peculiar distribution of surface charges in human AGT could promote its electrostatic self-association. Following this view, parameters such as pH and ionic strength should critically influence aggregation rate and/or extent. Moreover, mutations of surface residues could change the charge distribution and negatively or positively influence the selfassociation process.
Effect of pH and ionic strength on the aggregation propensity of AGT-Ma
We evaluated the self-association propensity of AGTMa by dynamic light scattering (DLS) experiments performed at various pH values and ionic strengths. Preliminary analyses were performed at a protein concentration of 10 lM, to guarantee that almost all the protein was present in the dimeric form. We monitored the increase in the mean count rate, a parameter that represents the average scattering intensity during the measurement and directly reports on aggregated species present in solution. To determine the aggregation rate, data on the time-dependent increase in count rate were fitted using the analytic equation proposed by Morris et al. [34] . This equation is related to the minimalistic/'Ockham's razor' Finke-Watzky two-step model, which has been used to analyze the aggregation data of a wide set of proteins [35, 36] . In this model, a continuous nucleation step (A ? B, rate constant k 1 ) is followed by a fast autocatalytic growth step (A + B ? 2B, rate constant k 2 ). A ? B and A + B ? 2B processes are composites of multiple elementary steps, and therefore, the resultant rate constants, k 1 and k 2 , are experimental average values. In our experiments, we assumed that A is the dimeric form of AGT, B is the polymeric aggregation nucleus, and k 1 and k 2 correspond to the average rate constants for nucleation and growth, respectively. Moreover, we analyzed the species present in the aggregating solution and accounting for the scattering signal, taking into account that the intensity is proportional to the sixth power of a particle diameter.
Many proteins tend to have decreased solubility near the pI, often referred to as isoelectric precipitation, where the low net charge of the protein corresponds to the loss of repulsive forces. AGT has a predicted pI of 8.59. Based on preliminary experiments, we chose to perform the analyses at 37°C in 0.1 M potassium phosphate (KP) buffer in the pH range 5.5-8.0, to avoid protein unfolding due to strong acid or alkaline conditions. HoloAGT-Ma does not show any significant increase in count rate from pH 8 down to 6.5, while a slight aggregation propensity can be seen at pH 5.5 and 6 ( Fig. 2A) . At pH 5.5, the values of k 1 and k 2 were equal to (1.70 AE 0.02) 9 10
À2

Ámin
À1 and
, respectively. However, apoAGT-Ma showed an increase in count rate along the whole pH range, with extent and rate of aggregation higher than those of holoAGT-Ma (Fig. 2B) . The estimated values of k 1 and k 2 increase as the pH is lowered from 8 to 5.5, giving values of spectrophotometric pK (pK spec ) of 6.0 AE 0.1 and 6.18 AE 0.09, respectively (Fig. 2C) . Thus, the aggregation extent is higher at pH values where the protein net charge shows the highest values. It should also be mentioned that the aggregation process leads to the formation of aggregates of size spanning from 400 to 800 nm (data not shown), with a rate that fits very well that of the increase in count rate. This confirms that aggregates are responsible for the scattering signal and that the count rate increase is a suitable parameter to follow the aggregation process, as already reported [37] . However, the signal of the dimer is always visible in the whole pH range, thus indicating that the dimer still remains the more represented species in solution.
By monitoring the aggregation process of apoAGTMa at pH 5.5 and 8 at various protein concentrations (Fig. 3A,B , Table 1 ), we found an increase in k 1 and k 2 values at increasing AGT concentrations under both conditions. This corroborates the occurrence of a nucleation-dependent aggregation mechanism and suggests that the dimer is the species that primes aggregate formation. However, it should be reminded that the observed macroscopic parameters depend indeed on the combinations of multiple microscopic rate constants. A more systematic kinetic analysis, which is beyond the scope of this work, would be necessary to define the microscopic rate constants underlying the aggregation mechanism.
When we studied the aggregation process of apoAGTMa at pH 5.5 varying KP concentration from 0.05 to 1 M, we found that the aggregation rate decreases at increasing ionic strength of the buffer. In particular, aggregation is completely prevented at values equal to or higher than 0. (Fig. 3C ). These data indicate that the process is not mediated by hydrophobic attractions, which would have been enhanced by increased salt concentrations. Rather, it depends on electrostatic interactions, which are reduced or suppressed at high ionic strength due to screening effects. In order to investigate if aggregation was accompanied by an unfolding process, we registered the dichroic signal at 222 nm, indicative of the secondary structure content, of 10 lM apoAGT-Ma in 0.05 M KP, pH 5.5, 37°C, i.e. under conditions in which a strong aggregation phenomenon is observed. Since we did not observe any loss of secondary structure with time during aggregation up to 300 min (Fig. 3D) , we concluded that the process is not dependent on a partial unfolding, but occurs starting from a native or native-like form of the protein. Furthermore, by exploiting the different behavior of the protein in the apo and holo form, we found that aggregation is not reversible. In fact, the addition of 100 lM PLP to an aggregating mixture of 10 lM apoAGT-Ma at pH 5.5 in 0.05 M KP was able to stop but not to reverse the self-association process. Finally, considering that AGT shows three cysteine residues per subunit exposed to the solvent, we compared the rate constants of aggregation in the presence and absence of 0.01 M b-mercaptoethanol. The absence of any effect of the reducing agent on the aggregation rate revealed that the process does not depend on the formation of disulfide bonds (data not shown).
Altogether, these data allow us to conclude that the aggregation of AGT-Ma is not an isoelectric precipitation phenomenon, because it is not influenced by the global net charge of the protein, and is not due to the formation of disulfide bonds. Rather, it depends on the electrostatic interaction between patches of opposite charge present on the native dimeric species as a consequence of the charge anisotropy of the protein surface. A similar aggregation mechanism has been already reported for b-lactoglobulin, which shows a strong aggregation phenomenon at pH values below the pI [15] .
To provide a possible structural explanation to the behavior of AGT-Ma, we evaluated the changes in the electrostatic map of the protein as a function of pH, with particular attention to the identification of residues forming oppositely charged patches and to their predicted pK a value. At pH 5.5, there can be observed a strongly asymmetric charge distribution and the presence of several negative and positive areas on the AGT surface (Fig. 4A) . The negative patches are mainly formed by exposed glutamate and aspartate residues, while the positive ones are mainly formed by exposed histidine, arginine, and lysine residues. Upon increasing the pH from 5.5 to 8, the surface area and the potential of the negative patches remain almost unchanged, while those of the positive patches decrease (Fig. 4B ). This effect is mainly due to the side chains of five exposed histidine residues (124, 146, 174, 342, and 386), which pass from the protonated to the neutral form between pH 6.0 and 7.0, with pK a values of 6.16, 6.81, 6.21, 6.53, and 6.58, respectively. These values are in good agreement with the pK spec obtained from the plot of the aggregation rate constants vs pH (Fig. 2 ). On these bases, it can be speculated that patches formed by histidine residues could be the main factors influencing the electrostatically driven aggregation of AGT. Nevertheless, as already mentioned, the attractive forces between positive and negative domains of associating proteins are strongly influenced by the ionic strength of the solution, which in turn influences the charge states of exposed amino acids. The electrostatic maps of AGT-Ma obtained at various KP concentrations between 0.05 and 1 M (Fig. 5 ) predict strong screening effects of the buffer ions above 0.2 M. This is in line with the data obtained in solution indicating that the aggregation of the protein is completely prevented at ionic strength ≥ 0.2 M. It can be observed that under conditions mimicking a physiological ionic strength (0.06 M KP), the surface charge of AGT-Ma does not appear to be significantly screened. This could explain why a small portion of the protein is in the insoluble fraction when overexpressed in cellular systems [25] . Moreover, small changes of either the intracellular environment or the protein surface as a consequence of inherited mutations could promote the aggregation of the protein.
Effects of the P11L and I340M polymorphic mutations on the aggregation process
We analyzed the aggregation process of apo-and holoAGT-Mi as a function of pH by DLS under the same experimental conditions used for AGT-Ma. We found that the aggregation rate increases at decreasing ionic strength, thus indicating that the process is mediated by electrostatic forces (data not shown). The trends of k 1 and k 2 as a function of pH of holo-and apoAGTMi, reported in Fig. 6 , reveal that both species show an increased aggregation propensity at acidic pH with estimated values of pK spec of 5.8 AE 0.3 and 5.7 AE 0.1 for k 1 and 6.4 AE 0.1 and 6.2 AE 0.3 for k 2 of apo-and holoAGT-Mi, respectively. The species populating during AGT-Mi aggregation were similar to those formed by AGT-Ma but characterized by a higher molecular mass (~1000 nm diameter). At both pH 5.5 and pH 8, the aggregation rate is proportional to protein concentration ( Fig. 7A ,B, Table 1 ). Moreover, no unfolding occurs during aggregation, as indicated by CD spectroscopy experiments (data not shown). By comparing the aggregation rate constants of holo-and apoAGTMi with those of the corresponding forms of AGT-Ma, we noticed that the minor allelic form shows an increased aggregation propensity. In fact, a visible aggregation event was present at pH values lower than or equal to 7 in holoAGT-Mi, while holoAGT-Ma only aggregates at pH 5.5. At the latter pH value, holoAGTMi showed k 1 and k 2 values about 2-and 10-fold higher, respectively, as compared with those of holoAGT-Ma. As for the apo form, the values of k 1 and k 2 were from 1-to 2.5-fold and from 2-to 4-fold higher than those of apoAGT-Ma, respectively (Fig. 6 ). Overall, these data allow us to conclude that AGTMi is prone to an electrostatically driven process of self-association analogous to that already observed for AGT-Ma, but characterized by a higher aggregation rate. The latter effect seems to depend more on an increased autocatalytic growth rate than on an increased nucleation rate. This suggests that one or both of the two polymorphic mutations typical of the minor allele, P11L and I340M, could directly or indirectly change the surface of the protein and somehow influence the interaction between oppositely charged patches during aggregate growth. In order to understand the structural determinants responsible for the increased aggregation propensity of AGT-Mi, we expressed, purified, and characterized the two single mutants P11L and I340M. Their absorbance and CD spectra in the visible region were similar to the corresponding ones of AGT-Ma and AGTMi (data not shown). Moreover, the P11L and I340M mutations did not affect the equilibrium dissociation constant for PLP (K D(PLP) ) value of AGT as well as the kinetic parameters of the overall transamination reaction, except for a 30% reduction in k cat of the P11L variant (Table 2) . Finally, the two mutations did not alter the quaternary structure of the protein up to 0.3 lM (the detection limit of size exclusion chromatography experiments).
We, thus, investigated the aggregation behavior of I340M and P11L single variants. HoloI340M displayed a visible increase in count rate only at pH 5.5 and 6. At pH 5.5, the values of k 1 and k 2 were equal to (1.5 AE 0.4) 9 10 À2 min À1 and (6.0 AE 0.1)
, respectively. The value of k 1 was similar while that of k 2 was 12-fold lower than the corresponding value for holoAGT-Ma. Accordingly, apoI340M only aggregated at pH 5.5, with a k 1 value similar to that of apoAGT-Ma but a k 2 value 14-fold lower than the corresponding value for apoAGT-Ma (k 1 = (3.20 AE 0.15
; Fig. 6 ). Hence, the I340M mutation has a stabilizing effect on the AGT native structure, which translates to a reduced rate of growth of the aggregates.
A completely different effect is exerted by the P11L mutation, as shown by the pH dependence of the k 1 Table 1 .
and k 2 values of aggregation of the apo-and holovariant, respectively (Fig. 6 ). An increase in count rate was detectable for both forms in the whole pH range.
The aggregation increased at acidic pH with pK spec for k 1 and k 2 of 6.1 AE 0.2 and 6.4 AE 0.2, respectively, for holoP11L, and 6.1 AE 0.4 and 6.9 AE 0.2, respectively, for apoP11L. These values agree quite well with those previously found for AGT-Ma and AGT-Mi (taking into consideration the noise of the count rate signal and the consequent experimental error). The aggregation rate increased at increasing protein concentration (Fig. 7C ,D, Table 1 ) and is not accompanied by loss of secondary structure, thus suggesting a molecular mechanism similar to that already proposed for AGTMa and AGT-Mi. The comparison between the aggregation kinetics of the P11L variant and those of AGTMa reveals that the mutation increases by~1.5-to 2-fold and by 2-to 4-fold the value of k 1 , and by~9-and 4-fold the value of k 2 of the holo and apo form, respectively. Nevertheless, the signal of the dimer disappears after~20 min during the aggregation process of P11L. This indicates that a significant portion of the variant is present as aggregated species in agreement with the fact that the mixture displays a visible turbidity at the end of the analysis. Overall, by comparing the data obtained on AGTMi, P11L, and I340M with those of AGT-Ma, we can conclude that while the I340M mutation exerts a stabilizing effect, the P11L mutation significantly increases the aggregation propensity of AGT. The hypothesis that the two polymorphic mutations could have opposite effects on AGT has been previously advanced. Mesa-Torres et al. [38] have reported the mutation of Ile340 as one of the consensus amino acid substitutions that contribute to creating a form of AGT endowed with a higher stability in solution and in cellular systems. However, the P11L mutation has been claimed as responsible for the increased sensitivity of AGT-Mi to chemical and thermal stress [32] . However, all these data have been interpreted by looking to the possible effects of the two substitutions on dimer stability. Our data indicate that they also play a role on the electrostatic aggregation of the protein. In particular, both mutations seem to mainly influence the autocatalytic growth of the aggregates. However, since k 1 and k 2 in the Finke-Watzky model do not describe completely independent events, it cannot be excluded that the increase in k 2 is influenced by the increase in k 1 , which would determine a more rapid accumulation of aggregating nuclei that in turn would promote aggregate growth for mass action [39] .
Pro11 is located at the monomer-monomer interface. In silico analyses predict that its replacement by a leucine residue could increase the flexibility of the Nterminal arm of AGT, possibly promoting its dissociation from the neighboring subunit. This is also confirmed by biochemical studies showing an increased susceptibility of AGT variants bearing the P11L mutation to proteolytic cleavage at the N terminus [27, 40, 41] . Based on these data and considerations, we compared the electrostatic map of AGT-Ma with that of a truncated form of the protein with the first 21 residues deleted, mimicking the possible detachment of the N-terminal arm (Fig. 8) . We found that negatively charged residues would be exposed upon detachment of the N-terminal arm of AGT, including Asp52, Glu59, Asp196, Glu274, and Glu281. It can be hypothesized that the increased flexibility of the Nterminal arm due to the P11L mutation could promote its transient dissociation from the neighboring subunit, thus causing the exposure of negative areas. This in turn would increase the anisotropy of charge distribution on the AGT surface, thus creating more favorable conditions for the electrostatic interactions between dimers. An analogous mechanism has been already proposed to explain the behavior of variants bearing mutations at Gly41 [27] . As for the I340M mutation, it is not easy to envisage how the replacement of Table 2 . Steady-state kinetic parameters of AGT-Ma, AGT-Mi, and the pathogenic variants for the overall transamination reaction.
AGT-Ma Ile340 with a Met residue could alter the electrostatic potential of the AGT surface. Ile340 is located in the a-helix 16 at the monomer-monomer interface, and it mainly interacts with Gln23 of the other subunit. This contact should be still present upon the Ile340-to-Met substitution, as shown by in silico analyses. However, the predicted binding energy increases from À1.401 kcalÁmol À1 of the Ile-Gln interaction to À2.039 kcalÁmol À1 of the Met-Gln interaction. The consequent predicted stabilizing effect of Met340 on the position of Gln23 could, in turn, stabilize interchain hydrogen bonds between Gln23 and Gly47 of the other subunit, thus possibly increasing the overall rigidity of the N-terminal region of AGT. This in turn could reduce the probability of interactions due to the detachment of the N terminus. The comparison of the aggregation kinetics of each analyzed species in the apo and holo form (Fig. 6) gives other important information. In the case of AGT-Ma and I340M, we noticed that the holo form displays a reduction of both k 1 and k 2 with respect to the apo form, thus indicating that the binding of PLP influences both the nucleation and the autocatalytic growth step. However, it is difficult to draw definitive conclusions since the holo forms do not aggregate in a wide range of pH values. In both AGT-Mi and P11L, bound PLP mainly influences the nucleation step. In fact, the k 1 values of apoAGT-Mi are 7-to 15-fold higher than the corresponding of holoAGT-Mi in the range of pH 5.5-7.0, while the k 2 values are of the same order of magnitude. Similarly, in the P11L variant, the k 1 values of the apo form are from 4-to 7-fold higher than those of the holo form, while the k 2 values are of the same order of magnitude. It can be speculated that the stabilizing effect of PLP could be mediated by an overall conformational change induced by the cofactor, which would probably disfavor the electrostatic interaction with neighboring dimers, thus reducing the aggregation rate. Although the crystal structure of apoAGT has not been solved, its dichroic features in the near-UV region indicate that it has a tertiary structure slightly different from that of holoAGT [42] , as well as a higher flexibility of the polypeptide chain making it more susceptible to unfolding and proteolytic degradation [32] . It has been well documented that the PLP coenzyme is able to play a chaperone role for AGT, an effect mainly interpreted as being due to a quaternary structure stabilization [33] . Based on our data, we can suggest that PLP binding could also reduce the exposure of charged residues possibly involved in the aggregation process. In this regard, the finding that in the presence of the P11L substitution PLP binding mainly affects the nucleation step could be explained through an indirect effect of coenzyme binding on the loop 24-32 that is connected to the N-terminal arm on one side and to the active site on the other side. A role of the coenzyme in inducing conformational changes of the bound apoenzyme has been already proved in other B6 enzymes [43, 44] , but only the resolution of the crystal structure of apoAGT will shed light on the structural bases of the stabilizing role.
To investigate the consequences of the aggregation process for AGT functionality, as well as the effect of the two polymorphic mutations, we measured the residual catalytic activity of AGT-Ma, AGT-Mi, P11L, and I340M upon 3-h incubation at 37°C in 0.1 M KP, pH 5.5 (to favor aggregation), at a protein concentration of 10 lM. We then performed the assays in 0.1 M KP, pH 7.4 at 25°C in the presence of PLP at saturating substrates concentrations, to stop the aggregation process. Holo-and apoAGT-Ma, holoand apoI340M, and holoAGT-Mi showed residual catalytic activity > 90%. However, apoAGT-Mi, holoP11L, and apoP11L displayed a residual activity of 64%, 48%, and 26%, respectively. Analogous to DLS analyses, the residual activity increased at increasing pH and increasing ionic strength. Moreover, the residual activity of the holo form is higher than that of the corresponding apo form under similar experimental conditions (Fig 9) . These data are in line with the aggregation mechanism and confirm the destabilizing effect of the P11L mutation as well as the protective role of the PLP coenzyme. Notably, the finding that the native-like aggregation process is associated with loss of protein functionality is not in contrast with CD spectroscopy analyses indicating no loss of secondary structure, because it is known that even small conformational changes far from the active site can reduce or abolish AGT catalytic activity [42, 45] . Thus, it can be hypothesized that the association of native-like dimers could negatively influence enzyme functionality leading to a loss of activity even in the absence of an unfolding process. A loss of activity has been already documented during the native-like aggregation of acylphosphatase from Sulfolobus solfataricus [37] .
Modulation of AGT-Mi aggregation by common PH1-causing mutations
Some of the most common mutations associated with PH1, including F152I, G170R, and I244T [24] , induce conformational changes on AGT that synergize with those generated by the minor allele polymorphism reducing the overall efficiency of the folding pathway and resulting in the population of monomeric intermediates imported to by mitochondria [46] . PLP is able to shift the equilibrium toward the holo form, probably by promoting the formation of the native dimer, in line with the responsiveness to B6 reported at the cellular and/or clinical level [47] [48] [49] . Based on the significant influence of the polymorphic mutations on the aggregation propensity of AGT in the native form, we investigated if the F152I, G170R, and I244T mutations could also play a role in this process when present on the background of the minor allele.
We first analyzed the possible consequences of each mutation by comparing the electrostatic surface of AGT-Mi with that of the variants (Fig. 10A) . We observed that (a) the mutation of Phe152 to Ile alters the shape and distribution of positive patch 8, which in turn reduces the size and potential of the negative patch 1 (blue arrows), and causes on the other side a reduction of the positive patches 6 and 7 (red arrows); (b) the G170R mutation causes a significant alteration of the surface due to a slight increase of the potential of the negative patch 2 (red arrow) and a more consistent increase of size and potential of the positive patches 6 and 8 (blue arrows); and (c) the changes introduced by the I244T mutation mainly consist of an increased positive potential of patches 5 and 6 (blue arrows). All these alterations, though to a different extent, can enhance the global charge anisotropy of the protein, thus possibly promoting its electrostatic aggregation. We determined the aggregation rate of the F152I-Mi, G170R-Mi, and I244T-Mi variants in the holo and apo form at three different pH values by DLS. As described above for the polymorphic AGT species, the aggregation propensity decreases at increasing pH (Fig. 10B and Table 3 ). The rate of the process increases at increasing protein concentration and low ionic strengths (data not shown). At each pH, the values of both k 1 and k 2 of the three variants are higher than the corresponding values of AGT-Mi. In line with these results, we found that a significant reduction of catalytic activity occurs upon aggregation, with higher residual activity at increasing pH and ionic strength (Fig. 10C) . CD spectroscopy studies indicated that no loss of secondary structure occurs for the three holovariants in the whole pH range, as well as for the apovariants at pH 7 and 8. However, a loss of~50, 15, and 25% of secondary structure occurs for apoF152I-Mi, apoG170R-Mi, and apoI244T-Mi, respectively, at pH 5.5 (Fig. 10D) . Thus, we can conclude that (a) at neutral and alkaline pH the variants undergo a nativelike aggregation process driven by electrostatic forces, which accounts for a significant loss of functionality of the protein, in particular in the apo form; and (b) at acidic pH, the holovariants show electrostatic aggregation in the native-like form, while the apovariants also undergo a time-dependent unfolding process, in line with their reduced stability already suggested by chemical or thermal unfolding studies [32, 50] .
A global analysis of the behavior of the variants allows us to hypothesize that the F152I, G170R, and I244T mutations synergize with the minor allele polymorphisms not only by interfering with the folding pathway of AGT populating monomeric intermediates prone to hydrophobic aggregation, degradation, and mistargeting to mitochondria but also by increasing the electrostatic aggregation propensity of the protein once folded. Both phenomena would concur in the strong functional deficit of AGT of cells expressing the three variants and would explain why they are partly present in the insoluble fraction of the lysate [47, 51] .
It should be also pointed out that the F152I-Mi, G170R-Mi, and I244T-Mi variants are found to be responsive to vitamin B6 in a cellular model of PH1, and the responsiveness is confirmed by clinical data in the case of F152I-Mi and G170R-Mi [49] . Previous reports ascribed the responsiveness to the ability of the coenzyme to promote AGT folding and dimerization [33, 48] . Our analyses support an additional role of PLP in protecting the native protein from aggregation. In fact, the aggregation extent of each species in the apo form is higher than that of the corresponding holo form, an effect mainly driven by the increase in k 2 . It remains to be explained why the coenzyme in the pathogenic variants seems to mainly affect the aggregates growth rather than nucleus formation. In the absence of structural information, we can only speculate that this could be partly due to the different conformational changes induced by polymorphic and pathogenic mutations and to their synergistic action.
Predicted effect of pathogenic mutations on the electrostatic potential of the AGT surface
We mapped all the missense mutations associated with PH1 known to date on the crystal structure of AGT and we observed that some of them involve residues located on the protein surface (Fig. 11) . Based on the results reported above, we hypothesized that they could make the protein more prone to aggregate under physiological conditions of pH, temperature, and ionic strength. In particular, we focused our attention on the mutations D129H, E141D, Q282R, Q282H, and R289H associated with the major allele, E95K, R197Q, R233H, R233C, C253R, and R289C associated with the minor allele, and R233L whose background is unknown (https://www.uclh. nhs.uk/OurServices/ServiceA-Z/PATH/PATHBIOMED/ CBIO/Pages/Phmdatabase.aspx). We investigated if and 
I244T
Holo Apo how each amino acid substitution could impact (a) the surface charge distribution (Fig. 12) , to predict possible effects on the electrostatic aggregation propensity of the protein, and (b) the local structure of the polypeptide chain, to predict possible folding alterations. The latter analyses were performed by molecular modeling studies, whose results for mutations that could induce folding defects are reported in Fig. 13 .
D129H-Ma
Asp129 is a residue located on the connection loop between the a-helixes 5 and 6. It has an estimated exposure to the solvent of 76%, as computed by MOE 2016.08 using as reference a Gly-X-Gly triplet. The residue is far from the active site and has a predicted pK a of 3.80. Molecular modeling analyses did not The color code is the following: black and blue, apo-and holoF152I-Mi, respectively; green and dark green, apo-and holoG170R-Mi, respectively; red and purple, apo-and holoI244T-Mi, respectively. Table 3 . Aggregation rate constants of F152I-Mi, G170R-Mi, and I244T-Mi variants at different pH values.
Enzymatic species pH
Holoenzyme Apoenzyme . Surface residues of AGT involved in pathogenic mutations associated with PH1. PLP is represented as green sticks. Glu95, Asp129, Glu141, Arg197, Arg233, Cys253, Gln282, and Arg289 are represented as cyan sticks in the white monomer. Oxygen, phosphate, and nitrogen atoms are colored red, purple, and blue, respectively. The figure was rendered using MOE 2016.08, by the available AGT structure (PDB 3R9A). reveal the occurrence of any relevant alteration in the orientation of neighboring residues upon Asp129-toHis replacement. In line with these predictions, the D129H mutation causes only a 10% reduction of AGT-Ma activity and stability in a heterologous yeast assay [52] . The electrostatic potential map of the variant (Fig. 12A) shows a slightly decreased potential of the positive patch 7 (indicated by the red arrow), due to a decreased exposure of Arg122 and Lys236. However, the mutation leads to an increased potential of the positive patches 5 and 6 (indicated by the blue arrows), due to the increased exposure of Lys128 and Lys357 located nearby. Since AGT aggregation is promoted by a high charge anisotropy, the increased positive potential allows us to hypothesize that the variant could display an enhanced electrostatic aggregation propensity under physiological conditions.
E141D-Ma
Glu141 is part of a-helix 6 and it shows a predicted solvent exposure of 59.7% and a predicted pK a of 4.64. Its main chain interacts with Gln137 by a hydrogen bond that should be maintained upon replacement by an Asp residue, as revealed by molecular modeling studies (data not shown). Since the E141D substitution does not eliminate or change a surface charge, it is not easy to envisage the possible defect of the variant. The electrostatic map (Fig. 12A) shows that the mutation (a) increases the size and modifies the shape of the negative patches 1 and 2 (indicated by red arrows) and (b) decreases the exposure to the solvent of Lys234 (from 90.7% to 42.6%) thus changing the shape and slightly reducing the potential of the positive patches 7 and 8 (indicated by blue arrows). While the modest reduction of positive potential could not be enough to prevent AGT aggregation, the increased size of negative patches could promote the electrostatic interactions with positive regions on the surface.
Q282R-Ma/Q282H-Ma
Gln282 is a residue located far from the active site on a-helix 11 and is bound through a hydrogen bond to Gln290. It marginally contributes to the AGT surface potential, although it shows a 64% predicted exposure to the solvent. The presence of Arg at position 282 induces a conformational change that generates a negative patch (indicated by the red arrow) formed by the increased exposure to the solvent of Glu59 and Glu62. Moreover, it reduces the size of the positive patch 7 and promotes the formation of a wide positive patch due to the presence of Arg282 (blue arrow in Fig. 12A ) in the middle of the negative patches 1 and 2 (indicated by the blue arrow). These effects increase charge anisotropy on the AGT surface, thus possibly generating an ideal platform for electrostatic interactions. Contrariwise, no differences were observed on the electrostatic map of the Q282H-Ma variant in comparison with AGT-Ma. However, in silico mutagenesis (Fig. 13A ) reveals that the Gln-to-His replacement prevents the formation of the hydrogen bond with Gln290, thus probably destabilizing the tertiary structure around the mutation site. Thus, the presence of Arg at position 282 probably alters the surface charge without interfering with the proper architecture of the region, while the presence of a His residue probably does not alter charge distribution but could interfere with the correct folding of the region.
R289H-Ma/R289C-Mi
Arg289 belongs to a-helix 11. Having a predicted pK a of 12.29, it strongly contributes to the AGT surface charge, although it only shows a 41.9% predicted exposure to the solvent. The electrostatic map of the R289H/C variants (identical results were obtained with both mutations) does not show remarkable differences with respect to AGT-Ma or AGT-Mi, except for a slight reduction of the size and potential of the positive patches 7 and 8 (blue arrow in Fig. 12B ), which is expected to reduce the aggregation propensity of AGT under physiological conditions by disfavoring the interaction with the negative patches. Nevertheless, visual inspection of the AGT structure reveals that Arg289 interacts with Glu293 through an ionic bridge that stabilizes the conformation of a-helix 11. By in silico mutagenesis analyses, we found that the replacement of Arg289 by a His or a Cys residue could prevent the formation of the ionic bridge with Glu293, thus probably destabilizing the architecture of the region (Fig. 13B ). On these bases, it can be hypothesized that the most probable defect of the R289H-Ma and R289C-Mi variants is a structural alteration of the overall folding, rather than a change of the electrostatic surface promoting aggregation.
E95K-Mi
The electrostatic potential map of the pathogenic variant E95K-Mi shows significant alterations of charges distribution in comparison with that of AGT-Mi. Glu95 is located on a connection loop between ahelixes 4 and 5 and has a pK a of 3.01. The Glu-to-Lys substitution remarkably increases the potential and the size of positive patches 7 and 8 as shown by the blue arrows in Fig. 12B , due to the presence of Lys95 that is more exposed to the solvent with respect the native Glu95 (28.35% instead of 12.20%). Thus, it could strongly favor AGT aggregation. However, since the mutation prevents the formation of the hydrogen bond with Lys234 (Fig. 13C) , a local change in the protein folding cannot be excluded. Accordingly, data obtained in yeast indicate that E95K-Mi shows very low expression and activity levels [52] .
R197Q-Mi
Arg197, located in the loop between b-strands 7 and 8, shows a 65.17% solvent exposure, and it contributes to the formation of the positive patches 7 and 8. The electrostatic map of the variant only reveals a slight alteration of the charge distribution consisting of a local reduction of the positive potential (blue arrows in Fig. 12B ), which probably does not influence the aggregation propensity of AGT per se. However, the side chain of Arg197 forms a hydrogen bond with the main chain of Lys5 of the neighboring subunit, which probably stabilizes the dimeric structure of AGT by forcing the positioning and orientation of the N-terminal arm [53] . The presence of a Gln residue at position 197 should interrupt this interaction (Fig. 13D ). In the R197Q-Mi variant, the consequent increased flexibility of the N-terminal arm could worsen the effects of the P11L mutation and strongly increase the aggregation propensity of AGT.
R233H-Mi/R233C-Mi/R233L
Arg233 is part of the loop between a-helixes 8 and 9 and interacts through hydrogen bonds with the main chain of Asn92 and Leu94 of the same subunit. It is located far from the active site and has a predicted pK a of 9.75. The replacement of Arg233 by His, Cys, or Leu has a predicted two-fold effect on AGT. First, each amino acid change alters the electrostatic surface of the protein in a similar way (the map of the R233H-Mi variant is reported in Fig. 12B ): the negative potential (red arrows) increases due to the formation of a new negative patch along the surface formed by Glu95, Asp98, and Glu117, while the positive patches 7 and 8 decrease their size and potential (blue arrows). Thus, an effect on the probability of specific interactions between positive and negative charges in the variants cannot be excluded. Second, molecular modeling analyses indicate that the R233H, R233C, and R233L mutations prevent the interaction with Asn92 and Leu94, thus probably interfering with the correct folding of the region (Fig. 13E ). This scenario suggests that the pathogenic variants could display both an increased self-association tendency and/or folding defect(s).
C253R-Mi
The effects of the mutation of Cys253 on AGT-Mi are qualitatively similar to those already described for the mutation of Arg233. In fact, as shown by the red arrows in Fig. 12B , the C253R-Mi variant shows an increased negative potential exposed to the solvent, due to an increased size of negative patches 3 and 4. Moreover, patches 7 and 8 (blue arrows) increases their size and potential. These surface alterations suggest that the C253R-Mi variant could have a higher aggregation tendency with respect to AGT-Mi. Furthermore, Cys253 is located in the loop between the ahelixes 9 and 10, and it can interact with the main chain of Pro73, Leu74, and Thr75 of the same subunit.
In silico mutagenesis reveals that the Cys-to-Arg replacement at position 253 could interfere with these interactions due to the steric hindrance of the arginine side chain, thus destabilizing the architecture of the region (Fig. 13F ). In agreement with this prediction, it has been reported that the mutation C253R causes a strong reduction of AGT-specific activity and stability [52] possibly due to a combined effect on the surface potential and on the folding of the region. Overall, the in silico analyses reported above allow us to formulate hypotheses on the possible molecular effects of pathogenic mutations of AGT involving residues exposed to the solvent, taking into account not only the local conformational change caused by each mutation but also the possible alterations of the electrostatic surface, which could change the electrostatic aggregation propensity of the protein. We are aware that detailed site-directed mutagenesis experiments followed by studies at molecular and cellular level will be necessary to better clarify the defect of each variant. Nevertheless, it can be suggested that a more comprehensive analysis of the effect of a mutation should not underestimate the possible contribution of surface charge alterations, which could enhance the selfassociation process thus decreasing the amount of functional protein.
In conclusion, in this work, we combined in silico and in vitro studies to analyze the aggregative behavior of AGT and to shed light on the possible influence of polymorphic and pathogenic mutations. The results obtained indicate that (a) the major allelic form of AGT shows a high surface charge anisotropy that makes it susceptible to an aggregation mediated by electrostatic forces; (b) PLP binding strongly reduces the aggregation of the protein, thus suggesting that the coenzyme could have a more wide chaperone role than previously known [54] ; (c) the P11L mutation enhances the aggregation propensity of AGT, while the I340M mutation has a stabilizing effect; (d) missense mutations associated with PH1 could play their effects by promoting electrostatic aggregation.
We have gained important insights into how point alterations of a protein surface could impact its behavior and stability in solution. Most studies on the pathogenesis of protein deficits interpret the aggregation propensity of disease-causing variants as being due to the population of folding intermediates showing sticky hydrophobic patches (misfolding-based aggregation) [55, 56] . Our results, along with those on other proteins of pharmacological interest [2, 17, 57] , highlight that a deep analysis of the electrostatic surface should be also carried out to provide insights into possible alterations of the surface charge anisotropy that could promote electrostatic aggregation of a protein once folded (native-like aggregation). In particular, by combining the data reported here with those of previous reports [26, 28, [58] [59] [60] , we delineated a more comprehensive picture describing AGT aggregation. Figure 14 illustrates the minimal proposed model of AGT-Ma folding and highlights the differential influence of mutations from a quantitative and qualitative point of view. The protein is prone to aggregate both during the folding pathway, as a consequence of the population of monomeric intermediates exposing hydrophobic surfaces, and once folded, as a consequence of the exposure of oppositely charged surfaces. Polymorphic and pathogenic mutations can increase the propensity of the protein to misfolding-based hydrophobic aggregation and/or to native-like electrostatic aggregation. In addition, the coenzyme PLP plays a wide chaperone role for the protein because it not only favors the folding of intermediates in the apo form and the attainment of the dimeric structure but also stabilizes the protein once folded.
These findings, by increasing knowledge of the biochemical properties of AGT and of the pathogenesis of PH1, constitute a base for designing new strategies to improve the stability of the protein as a possible premise for the development of innovative therapeutic approaches. Recently, a strategy for the successful administration of recombinant purified AGT based on the conjugation with polymeric carriers has been set up [61] . Knowledge of the influence of surface charge on protein stability will be pivotal for the future development of the conjugates as a biological drug. Calculation of electrostatic potential maps and predicted pK a
Materials and methods
Materials
The electrostatic potential maps of AGT-Ma and mutants were calculated by the adaptive poisson-boltzmann solver 1.3 tool [64] , using the nonlinear Poisson-Boltzmann equation and modulating the ionic strength (setting ion charge, molar concentration, and radius in A of KP buffer, to mimic the experimental conditions) and temperature. The graphical interface of the tool is integrated in UCSF CHIMERA version 1.1 [65] . The calculations were performed on the Opal web server [66] . Structure preparation and analysis of the protonation state of residues at different pH values were carried out by the PDB2PQR [67] (using CHARMM as force field) and the PROPKA 3.0 [68] tools, respectively, on the Opal web service. 2D maps were calculated by the tool PATCH ANALYZER of MOE 2016.08 [62] . For 2D views, structure preparation and protonation were performed directly by MOE 2016.08. Calculation of the predicted pK a of AGT residues was obtained by the tool RESIDUE PKA of MOE 2016.08.
Protein expression and purification
Mutant enzymes in their histidine-tagged form were expressed in Escherichia coli and purified by the procedure already described [69] . The apo form of each variant was prepared as previously described [70] . AGT can be stored at À20°C without loss of activity for more than 6 months. Protein concentration was determined by using the apparent molar absorption coefficient of 95400 M À1 Ácm À1 at 280 nm [71] . The PLP content was determined by releasing the coenzyme in 0.1 M NaOH and by using the apparent molar absorption coefficient of 6600 M À1 Ácm À1 at 388 nm.
Determination of the equilibrium dissociation constants for PLP
The equilibrium dissociation constant for PLP (K D(PLP) ) of the I340M variant was determined by measuring the quenching of the intrinsic fluorescence of the apoenzyme (protein concentration 0.1 lM) incubated overnight in the presence of PLP at a concentration range of 0.01-10 lM. The experiments were performed in 0. 
Determination of the AGT transaminase activity
The catalytic activity for the overall transamination of the alanine-glyoxylate pair was determined by a coupled spectrophotometric assay, as previously described [69] . The kinetic parameters of the P11L and I340M variants (0.1 lM) were determined in the presence of saturating PLP concentrations by varying the substrate concentration at a fixed saturating cosubstrate concentration. At different times, the reactions were stopped by adding TCA 10% (v/v). The residual activity of pathogenic and polymorphic variants as well as of AGT-Ma and AGT-Mi after aggregation was measured in the presence of saturating PLP, substrate, and cosubstrate concentration at 0.1 lM enzyme concentration, at 25°C in 0.1 M KP, pH 7.4. After 10 min, the reactions were stopped by adding TCA 10% (v/v). The pyruvate produced was measured by a spectrophotometric assay using the coupled lactate dehydrogenase system [70] .
Spectroscopic measurements
Absorption measurements were made by a Jasco V-550 spectrophotometer (Jasco-Europe, MI, Italy) using 1-cm path length quartz cuvettes at a protein concentration of 1-10 lM in 0.1 M KP pH 7.4. Visible and far-UV CD spectra were recorded on a Jasco J-710 spectropolarimeter equipped with a Peltier temperature-controlled compartment, by using 1-cm and 1-mm path length cells, respectively. The enzyme concentration was 1-15 lM. Routinely, three spectra were recorded at a scan speed of 50 nmÁmin À1 with a bandwidth of 2 nm and averaged automatically, except where indicated [72] . Thermal unfolding was monitored by registering the CD signal at 222 nm at a protein concentration of 10 lM in 100 mM KP, pH 7.4 with temperature increasing by 0.5°CÁmin À1 from 25 to 90°C.
Dynamic light scattering
Dynamic light scattering measurements were made on a Zetasizer Nano S device from Malvern Instruments (Malvern, UK). The temperature of the sample cell was controlled by a Peltier thermostating system within AE 0.1°C and 12.5 9 45 mm disposable cells with stopper were used. The aggregation kinetics of AGT-Ma, AGT-Mi, P11L, and I340M were determined at an enzyme concentration of 10 lM in KP at different pH values and ionic strengths at 37°C. The buffer was filtered immediately before use to eliminate any impurities. 
